Hemostasis is the physiological process that stops bleeding at the site of an injury while maintaining normal blood flow elsewhere in the circulation. Blood loss is stopped by formation of a hemostatic plug. The endothelium in blood vessels maintains an anticoagulant surface that serves to maintain blood in its fluid state, but if the blood vessel is damaged, components of the subendothelial matrix are exposed to the blood. Several of these components activate the two main processes of hemostasis to initiate formation of a blood clot, composed primarily of platelets and fibrin. This process is tightly regulated such that it is activated within seconds of an injury but must remain localized to the site of injury.
There are two main components of hemostasis. Primary hemostasis refers to platelet aggregation and platelet plug formation. Platelets are activated in a multifaceted process (see below), and as a result they adhere to the site of injury and to each other, plugging the injury. Secondary hemostasis refers to the deposition of insoluble fibrin, which is generated by the proteolytic coagulation cascade. This insoluble fibrin forms a mesh that is incorporated into and around the platelet plug. This mesh serves to strengthen and stabilize the blood clot. These two processes happen simultaneously and are mechanistically intertwined. The fibrinolysis pathway also plays a significant role in hemostasis. Pathological thrombus formation, called thrombosis, or pathological bleeding can occur whenever this process is disregulated. The complexity of these systems has been increasingly appreciated in the past few decades.
Multiple anticoagulant mechanisms regulate and control these systems to maintain blood fluidity in the absence of injury and generate a clot that is proportional to the injury. The proper balance between procoagulant systems and anticoagulant systems is critical for proper hemostasis and the avoidance of pathological bleeding or thrombosis.
PRIMARY HEMOSTASIS
Platelets are small anuclear cell fragments that bud off from megakaryocytes, specialized large polyploid blood cells that originate in the bone marrow (Schulze and Shivdasani 2005) . Platelets are present at 150 to 400 million per milliliter of blood and circulate for about 10 days (Zucker-Franklin 2000) . In a healthy blood vessel, and under normal blood flow, platelets do not adhere to surfaces or aggregate with each other. However, in the event of injury, platelets are exposed to subendothelial matrix, and adhesion and activation of platelets begins ( Figure 1 ).
Multiple receptors on the surface of platelets are involved in these adhesive interactions, and these receptors are targeted by multiple adhesive proteins. Detailed descriptions are available in these recent reviews (Jackson 2007; Ruggeri and Mendolicchio 2007; Varga-Szabo, Pleines, and Nieswandt 2008) . The key for all of these receptors is that the adhesive interaction only takes place in the event of an injury to the blood vessel. This restriction is maintained in several different ways.
Receptor GPIb-IX-V binds to immobilized von Willebrand factor (VWF) specifically through an interaction between GPIba and the A1 domain of VWF. VWF is a large multimeric protein secreted from endothelial cells and megakaryocytes that is always present in the soluble state in the plasma as well as in the immobilized state in subendothelial matrix (Ruggeri 2007) . However, soluble VWF in the circulation does not bind with high affinity to GPIba (Yago et al. 2008) . The highaffinity interaction may be dependent upon high sheer stress exerted by flowing blood on immobilized VWF, whether that VWF is immobilized on subendothelial matrix or other activated platelets (Siedlecki et al. 1996) .
Receptor GPVI is constitutively active, but its ligand is collagen, which is present in the subendothelial matrix and thus is only exposed to the blood in the event of injury. GPVI and GPIb-IX-V are critical for adhesion of platelets to subendothelial matrix at the site of injury and for their subsequent activation (Kehrel et al. 1998; Nieswandt et al. 2001) .
Activation of platelets is critical for aggregation. In particular the integrins aIIbb3, a2b1, and avb3 are normally present on the platelet surface in an inactive form, but platelet activation induces a conformational transition in these receptors that exposes ligand binding sites (Luo and Springer 2006; Xiao et al. 2004) . aIIbb3 is arguably the most important of these receptors as it is present at the highest density on the platelet surface. In addition, aIIbb3 binds to multiple ligands that promote platelet-platelet aggregation. These include fibrinogen, VWF, collagen, fibronectin, and vitronectin (Varga-Szabo, Pleines, and Nieswandt 2008) . a2b1, avb3, a5b1, and a6b1 play smaller roles, binding primarily to collagen, vitronectin, fibronectin, or laminin, respectively (Emsley et al. 2000; Lam et al. 1989; Sonnenberg, Modderman, and Hogervorst 1988; Varga-Szabo, Pleines, and Nieswandt 2008) , though other ligands have also been identified for each of these. All of the integrins are maintained in an inactive state on quiescent platelets.
Feedback activation of nearby platelets surrounding a new site of injury is critical for further aggregation and propagation of the platelet plug. This activation is mainly mediated by agonists released by activated platelets themselves acting on G protein-coupled receptors. ADP is released from platelet dense granules and binds to receptors P2Y 1 and P2Y 12 (Mills 1996) . Thromboxane A 2 is synthesized de novo by activated platelets and binds to the thromboxane receptor primarily, and other prostanoid receptors to a lesser degree, locally on platelets (Hanasaki and Arita 1988) . Serotonin is also secreted from dense granules and contributes to platelet activation.
Another critical mechanism of platelet activation that links secondary hemostasis to platelet function is activation by thrombin. Thrombin is the terminal serine protease of the coagulation cascade (see below). Thrombin cleaves 2 protease activated receptors (PARs) on human platelets, PAR1 and PAR4. These are also G protein-coupled receptors, and cleavage by thrombin exposes a new N-terminus that serves as a tethered ligand to activate the receptor (Kahn et al. 1998; Vu et al. 1991) . All of these receptors initiate cell-signaling pathways when they are ligated, which results in platelet granule secretion, integrin activation, and platelet cytoskeleton remodeling (Brass 2000) .
Thus, in summary, platelet adhesion is initiated by GPIba binding to immobilized VWF and GPVI binding to collagen, which is exposed to the blood due to endothelial injury. These platelets and other local platelets are then activated, and adhesion and aggregation is strengthened and expanded via platelet-platelet connections between aIIbb3 bound to fibrinogen, VWF, fibronectin, or vitronectin as well as between avb3 bound to vitronectin or thrombospondin, with a5b1-fibronectin and a6b1-laminin interactions perhaps also playing a role. In addition, adherence to subendothelial collagen is strengthened via interaction of integrin a2b1 and collagen. This platelet plug is also stabilized by deposition of insoluble fibrin generated by the coagulation cascade (see below).
SECONDARY HEMOSTASIS
Secondary hemostasis consists of the cascade of coagulation serine proteases that culminates in cleavage of soluble FIGURE 1.-Primary hemostasis; the platelet response. Platelet aggregation at the site of injury is mediated by platelet receptors, platelet-derived agonists, platelet-derived adhesive proteins, and plasma-derived adhesive proteins. Fibrin deposition around the resulting platelet plug is generated by the coagulation cascade (see Figure 2 ). ADP ¼ adenosine diphosphate; TXA2 ¼ thromboxane A2; VWF ¼ von Willebrand factor. 274 GALE TOXICOLOGIC PATHOLOGY fibrinogen by thrombin ( Figure 2 ). Thrombin cleavage generates insoluble fibrin that forms a cross-linked fibrin mesh at the site of an injury. Fibrin generation occurs simultaneously to platelet aggregation (Falati et al. 2002; Furie 2009 ). In intact and healthy blood vessels, this cascade is not activated, and several anticoagulant mechanisms prevent its activation. These include the presence of thrombomodulin and heparan sulfate proteoglycans on vascular endothelium. Thrombomodulin is a cofactor for thrombin that converts it from a procoagulant to an anticoagulant by stimulating activation of the anticoagulant serine protease protein C (Esmon and Owen 1981) . Heparan sulfate proteoglycans stimulate the activation of the serine protease inhibitor (or serpin) antithrombin, which inactivates thrombin and factor Xa (Shimada et al. 1991) . When the vascular system is injured, blood is exposed to extravascular tissues, which are rich in tissue factor (TF), a cofactor for the serine protease factor VIIa (Kirchhofer and Nemerson 1996) . The complex of TF and factor VIIa activates factor X and factor IX. This activation pathway is historically termed the extrinsic pathway of coagulation. Factor IXa also activates factor X, in the presence of its cofactor factor VIIIa. Factor Xa, also in the presence of its cofactor factor Va, then activates prothrombin to generate thrombin (Dahlback 2000) .
Thrombin is the central serine protease in the coagulation cascade, and it executes several critical reactions (Lane, Philippou, and Huntington 2005) . Thrombin critically cleaves fibrinogen to generate insoluble fibrin. Thrombin activates platelets via cleavage of PAR1 and PAR4 (Kahn et al. 1998) . Thrombin is also responsible for positive feedback activation of coagulation that is critical for clot propagation. Thrombin activates factor XI, which then activates factor IX, and thrombin activates cofactors VIII and V (Lane, Philippou, and Huntington 2005) . This has historically been called the intrinsic pathway of coagulation, but it is more appropriate to think of it as a positive feedback loop (Bouma, von dem Borne, and Meijers 1998) .
The updated cell-based model of hemostasis focuses on the important fact that these reactions are controlled by their localization on different cellular surfaces. Coagulation is initiated by the cofactor TF (the extrinsic pathway), which is a transmembrane protein present on fibroblasts and other extravascular tissues. The factor Xa generated here forms prothrombinase complex on these surfaces sufficient to generate only a small amount of thrombin. Then amplification and propagation of coagulation via the positive feedback loop occurs on the surface of platelets, which are activated near the site of injury by that trace thrombin and by adherence to extracellular matrix. Thus, the active coagulation complexes of this positive feedback loop form on the surface of activated platelets (Hoffman and Monroe 2001) .
Ultimately thrombin also plays an important role in down-regulation of the coagulation cascade by binding to thrombomodulin on endothelial cells and then activating protein C (APC) (Esmon and Owen 1981) . The activated protein C anticoagulant system is important for the down-regulation of the coagulation cascade. APC cleaves and inactivates the procoagulant cofactors VIIIa and Va (Fulcher et al. 1984; Guinto and Esmon 1984) . This reaction also requires a cofactor, protein S; in addition, factor V provides anticoagulant function as a cofactor for APC/protein S in the inactivation of factor VIIIa and factor Va (Cramer, Griffin, and Gale 2010; Shen and Dahlback 1994; Walker 1980 ). These complexes between proteases and cofactors (procoagulant and anticoagulant) form on negatively charged membrane surfaces that are provided by activated platelets (Mann et al. 1990 ). This localization of the coagulation cascade reactions is critical to restrict coagulation to the site of injury.
The coagulation cascade is also down-regulated by inactivation of all the serine proteases by serine protease inhibitors. Most of these inhibitors are in the serpin family of inhibitors (Rau et al. 2007) . Antithrombin is arguably the most important of these (Egeberg 1965) . Antithrombin inhibits thrombin and factor Xa, as well as factor IXa and factor XIa in the presence of heparin or heparan sulfate (Quinsey et al. 2004) . Other serpins that play roles in coagulation include heparin cofactor II (thrombin inhibitor), protein Z-dependent protease inhibitor (factor Xa inhibitor), protein C inhibitor (APC inhibitor), and C1-inhibitor (factor XIa inhibitor) (Han, Fiehler, and Broze 2000; Marlar and Griffin 1980; Suzuki, Nishioka, and Hashimoto 1983; Tollefsen, Majerus, and Blank 1982; Wuillemin et al. 1995) . Two non-serpin inhibitors, tissue factor pathway inhibitor and alpha-2-macroglobulin, also play a significant role, inhibiting factor Xa and thrombin, respectively (Broze et al. 1988; James, Taylor, and Fudenberg 1967) .
FIBRINOLYSIS
The role of the fibrinolytic system is to dissolve blood clots during the process of wound healing and to prevent blood clots FIGURE 2.-Secondary hemostasis; the coagulation cascade. At the site of injury, tissue factor (TF) initiates the coagulation cascade that results in the formation of the serine protease thrombin. Thrombin performs multiple functions, including fibrin generation, platelet activation, positive feedback activation of the intrinsic pathway, and negative feedback activation of the activated protein C pathway. Procoagulant reactions are shown in blue, and anticoagulant reactions are shown in pink. APC ¼ activated protein C; FV ¼ factor V; PS ¼ protein S; TM ¼ thrombomodulin. Vol. 39, No. 1, 2011 CURRENT UNDERSTANDING OF HEMOSTASIS 275 in healthy blood vessels. The fibrinolytic system is composed primarily of three serine proteases that are present as zymogens (i.e., proenzymes) in the blood. Plasmin cleaves and breaks down fibrin. Plasmin is generated from the zymogen plasminogen by the proteases tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA). TPA and plasminogen come together on the surface of a fibrin clot, to which they both bind. TPA then activates plasminogen, which subsequently cleaves fibrin. UPA activates plasminogen in the presence of the uPA receptor, which is found on various cell types (Lijnen and Collen 2000) . All three of these serine proteases are down-regulated by serpins that are present in blood. Alpha-2-antiplasmin inhibits plasmin, and plasminogen activator inhibitors 1 and 2 inhibit tPA and uPA (Rau et al. 2007 ).
PATHOLOGY OF HEMOSTASIS
Proper hemostasis is a function of balance between procoagulant systems (platelets, coagulation cascade) and anticoagulant systems (APC/protein S, fibrinolysis, serpins). If hemostasis is out of balance due to a defect in one of these systems, then either thrombosis (too much clotting) or bleeding (not enough clotting) may be the result.
THROMBOSIS
Arterial thrombi are composed largely of aggregated platelets, whereas venous thrombi are composed more of fibrin with red blood cells enmeshed. The composition of these different thrombi is dictated by the different conditions in the arterial circulation and the venous circulation. One important aspect of this is blood flow, with higher flow rates and therefore higher sheer forces in the arterial circulation (Tangelder et al. 1988 ). Classically, arterial thrombosis and venous thrombosis are thought to have different risk factors. However, recent studies have suggested that some of the classic risk factors for arterial thrombosis, such as obesity and high cholesterol, are also risk factors for venous thrombosis (Franchini and Mannucci 2008) . The classic risk factors for venous thrombosis cause a hypercoagulable state and result in an increased tendency for activation of the coagulation cascade. These include acquired risk factors such as cancer, surgery, immobilization, fractures, and pregnancy. Genetic risk factors include multiple variants in the coagulation cascade. The most common are factor V Leiden and prothrombin G20210A. Others are protein C or protein S heterozygosity and mutations in antithrombin (Bauer 2000) .
Arterial thrombosis is generally treated with drugs that inhibit platelet aggregation. Acetylsalicylic acid (aspirin) is a cyclo-oxygenase (COX) inhibitor and irreversibly inhibits COX-1 in the thromboxane A2 synthesis pathway (Table 1) (Burch, Stanford, and Majerus 1978) . Clopidogrel (trade name Plavix) blocks adenosine diphosphate (ADP) activation of platelets by inhibiting the ADP receptor P2Y 12 (Mills et al. 1992) . Prasugrel (trade name Effient) is a new P2Y 12 inhibitor that was recently approved in the United States for certain indications (Sugidachi et al. 2001) . Several new P2Y 12 receptor antagonists are in clinical trials, but none of them has been approved as of yet. Unlike clopidogrel, some of these are reversible inhibitors and thus might only temporarily inhibit platelet aggregation (Giossi et al. 2010 ). These might be more appropriate for acute short-term treatment rather than for long-term prophylaxis. There are also several other drugs that inhibit platelet aggregation whose use is less widespread. There are three aIIbb3 integrin inhibitors, abciximab, eptifibatide, and tirofiban. These are all intravenous (IV) drugs that are used primarily to treat or prevent acute coronary events in hospital (Cohen 2009 ). Dipyridamole (Persantine) is an oral drug that inhibits adenosine reuptake and thromboxane synthesis and is used for secondary prevention of stroke and transient ischaemic attack (Weber, Weimar, and Diener 2009) . Venous thrombosis is treated with drugs that inhibit the coagulation cascade. Historically this has included unfractionated heparin (UFH), which stimulates inhibition of coagulation serine proteases by antithrombin (Damus, Hicks, and Rosenberg 1973) . UFH is only bioavailable via IV injection, which limits its utility to hospital care. Long-term prophylaxis has typically been maintained with one of several coumarine derivatives, which are vitamin K antagonists (e.g., warfarin [trade name Coumadin], acenocoumarol [trade name Sintrom]). Vitamin K antagonists inhibit post-translational processing of the vitamin K-dependent coagulation serine proteases and therefore down-regulate the coagulation cascade overall (Furie and Furie 1990) .
More recently, alternatives to these two classes of drugs have come onto the market, and many more are advancing through clinical trials. The first of these was low molecular weight heparin (LMWH), which is UFH that is broken down into smaller fragments either chemically or enzymatically (Weitz 1997) . Multiple versions of LMWH are on the market, and they all function similarly, but they are not identical. The advantages of these versus UFH are that they are bioavailable via subcutaneous injection, and proper dosing is much less variable. The next generation of LMWH was the synthetic LMWH mimic, fondaparinux. Fondaparinux is a sulfated pentasaccharide that stimulates antithrombin inactivation of factor Xa but is too small to stimulate inactivation of thrombin (Bauer 2001) . Idraparinux is very similar to fondaparinux, but it has a longer half-life. However, idraparinux is not yet approved for use, and the longer half-life is actually a concern since there is no reversal agent. A variant of idraparinux is under investigation. This variant contains a biotin moiety, which binds with high affinity to the egg white protein avidin. Avidin could then serve as a reversal agent (Harenberg 2009) .
A new class of anticoagulant drugs is small molecules that directly inhibit factor Xa or thrombin. Many of these are being developed as oral drugs, which could be a significant advantage over LMWH or fondaparinux. Rivaroxaban is the only direct factor Xa inhibitor that is currently approved, but it is still not yet approved in the United States. Apixaban, betrixaban, and edoxiban are similar drugs that are still in clinical trials. Initially these are in trials for relatively short-term prophylaxis during/after orthopedic surgery, but the hope is that they would ultimately prove safe for long-term prophylaxis.
Direct thrombin inhibitors include argatroban, which is approved in the United States. However, argatroban is administered via IV. Hirudin, another direct thrombin inhibitor, is a polypeptide produced in the saliva of leeches. Several recombinant hirudin derivatives are approved for IV administration. These hirudin derivatives are primarily used during acute percutaneous interventions in patients in which heparin is contraindicated. Dabigatran is the only oral direct thrombin inhibitor that is currently approved, but it is not yet approved in the United States. If oral direct thrombin or direct factor Xa inhibitors ultimately prove safe for long-term prophylaxis, they could potentially replace warfarin, which is less than ideal because of variability in dosing that requires regular monitoring to avoid over-or underdosing, which increases risk for bleeding and thrombosis (Laux et al. 2009 ).
BLEEDING
The main bleeding disorders are genetically inherited. Hemophilia results from defects in secondary hemostasis. Hemophilia A is due to deficiency of factor VIII, and hemophilia B is due to deficiency of factor IX. Activated factor VIII and activated factor IX together form the intrinsic factor Xase complex on activated membrane surfaces that is critical in the positive feedback loop of blood coagulation (Dahlback 2000) . Therefore, deficiency in either of these proteins causes a very similar bleeding phenotype characterized by excess bruising, spontaneous bleeding into joints, muscles, internal organs and the brain. Factor VIII and factor IX are both X-linked genes. Thus hemophilia is primarily expressed in males, with hemophilia A present in about 1 in 5,000 males and hemophilia B present in about 1 in 20,000 males. However, multiple mutations in either factor VIII or factor IX have been identified, and not all of them cause complete loss of protein or protein function. In fact, almost half of hemophilia A sufferers have de novo mutations that were not inherited from their parents. Depending on the mutation, hemophilia can be severe (<1% function), moderate (1-5%), or mild (5-20%) (Mannucci and Tuddenham 2001) .
Hemophilia A and hemophilia B are treated mainly by infusion of recombinant factor VIII or factor IX, respectively. Before factor VIII and factor IX were available for infusion, hemophiliacs had a greatly reduced life expectancy and quality of life. In the 1960s and 1970s, partially pure and then highly purified factor VIII or IX from human plasma became the standard therapy. However, the advent of HIV virus in the early 1980s resulted in a majority of hemophiliacs getting infected from factor preparations. As a result, many hemophiliacs died, and many who did survive are infected with HIV. Virus inactivation procedures and restrictions on blood donations have now made plasma-derived protein preparations very safe (Mannucci 2008) . However, recombinant factor VIII and factor IX are ever more widely used out of a desire for even greater safety. This desire has largely led to the development of improved second-and third-generation recombinant factor VIII products. Second-generation factor VIII is formulated without any animal-or human-derived proteins in the final formulation, but it is still generated in tissue culture medium containing animal products. These products include Kogenate FS, Helixate FS, and Refacto. Recently, third-generation recombinant factor VIII has come on to the market. These products have no exposure to human or animal products during tissue culture Vol. 39, No. 1, 2011 CURRENT UNDERSTANDING OF HEMOSTASIS 277 production or during purification and formulation (Pipe 2008) . The third generation factor VIIIs are Advate and Xyntha. Von Willebrand disease (VWD) is a bleeding disorder caused by deficiency or defect in von Willebrand factor (VWF). VWF is involved in platelet aggregation and is also a carrier for factor VIII. Thus, deficiency of VWF causes defects in platelet aggregation but also causes a deficiency of factor VIII (Ruggeri 2007; Terraube O'Donnell, and Jenkins 2009) . VWD can result from multiple different mutations in VWF. These different mutations cause various different forms of VWD. These have been grouped into three overall categories. Type 1 is a partial quantitative defect, while type 3 results from a complete absence of VWF. In type 2 VWD, a normal amount of VWF is present, but it has functional defects. Type 2 VWD is broken down into several subcategories (Federici 2008) . VWF is an autosomal gene, so the disease is present equally in men and women. The severity of the different types of VWD varies, and various therapies are available and preferred for different forms of the disease.
The main drug used for treatment of type 1 (mild) and most type 2 VWD is desmopressin (DDAVP), which is a vasopressin analogue that stimulates release of VWF from endothelial cells and therefore temporarily increases the concentration of VWF in the blood. Type 3 VWD is more severe, and it is treated by infusion with pasteurized plasma-derived pure VWF/factor VIII concentrate (Humate-P). Both of these drugs can also be supplemented with the antifibrinolytic tranexamic acid. A significant risk for women with VWD is menorrhagia (abnormally heavy and prolonged menstrual period). This can often be treated with tranexamic acid or vasopressin, but another alternative is combined oral contraceptives to block menses (Federici 2008; Rodeghiero, Castaman, and Tosetto 2009) .
There are several genetic platelet disorders that derive from defects in platelet receptors. Bernard-Soulier syndrome is due to a deficiency of GPIb-IX-V (Hagen et al. 1980) . As a consequence, these individuals are defective in platelet aggregation because their platelets do not bind VWF. Bernard-Soulier syndrome is also characterized by abnormally large platelets and thrombocytopenia (Bennett 2000) . Glanzmann thrombasthenia is a deficiency of aIIbb3 (Phillips and Agin 1977) . Since aIIbb3 is also critical for platelet aggregation, and since it binds to fibrinogen, collagen, VWF, fibronectin, and vitronectin, these individuals are also defective in platelet aggregation (Bennett 2000) . However, they have normal platelet numbers. The most common therapy for these disorders is transfusion of fresh frozen platelets during bleeding episodes or prophylactically during surgery. Deficiencies in collagen receptors and disorders in platelet secretion also exist. These are rare and typically result in mild bleeding. Treatment is usually transfusion of platelets (Bennett 2000) .
Hemostasis has now been widely studied for more than a century. In that time we have generated a very detailed picture of the molecular and cellular events that play roles in normal and pathological hemostasis. But there are still many interesting questions that remain to be answered. This research has also led to the development of numerous drugs that impact many different mechanisms of thrombosis or bleeding. Moving forward, drug development for treatment of hemostatic disorders is still a significant area of interest in the biotechnology and pharmaceutical industries. Therefore, the prospect for continued improvements in patient health and quality of life is great.
